Abstract-Since passing its commissioning tests in early August 2011, the flexible pulsed dc current source (FPDCS) at ETH's high voltage laboratory has enabled research in different areas of HVDC switchgear as well as its applications with an unprecedented variability and flexibility, establishing many new research opportunities. Over the course of five years of continuous use, a significant number of incremental upgrades were made to hardware, software and to the application practices. Different fields of application were identified and a number of future upgrades were determined, when testing circuit-breaker components, disconnectors and even power semiconductors using FPDCS. In this publication, we strive to share our experiences and recommendations for construction, operation and enhancement of similar current sources for research, development and commercial operation.
I. INTRODUCTION
The ever increasing, world-wide deployment of HVDC equipment of different types for widely varying applications such as back to back converters, point to point connections and even multiterminal networks (cf. [1] ) has necessitated the availability of a variety of test setups capable of performing tasks from small-scale research to high voltage type tests. While voltage sources for DC insulation tests have been commonly available for decades, high current DC sources remained sparse mostly due to a lack of applications. However, the recent increase in research and development activities surrounding HVDC circuit breakers (CB) has renewed interest in such current sources. Testing full-scale HVDC CB is generally estimated to require currents of 10 kA or more rising within a few milliseconds in combination with sufficient recovery voltage in order to model fault behavior of an HVDC grid, as explained by Smeets in [2] . However, in research and development tests of CB components, significantly higher current gradients have to produced, particularly when evaluating resonance performance and arc characteristics (cf. [3] , [4] ). For this very reason, an initial plan for building a current source capable of delivering current pulses at a maximum amplitude of 20 kA at gradients of up to 200 kA/ms was presented in 2010 by Walter (cf. [5] ). Within one year, the flexible pulsed DC current source (FPDCS) was developed and commissioned at ETH Zurich's high voltage laboratory. FPDCS' final current rating was set to 3 kA at gradients of up to 50 kA/ms using power electronics and control systems optimized for cost, delivery time and energy storage. In the time since its commissioning, FPDCS has been in continuous use while receiving intermittent upgrades to improve performance, safety and measurement accuracy. Many of the results gathered from tests using FPDCS on different loads have been published (cf. [6] - [8] ) while more are certainly to follow (cf. [9] ).
II. OPERATING PRINCIPLE & APPLICATIONS
The main operating principle of FPDCS is that of three identical buck converter modules (M 1 …M 3 ) connected in parallel to provide a controllable current i L to a variable load as shown in the equivalent circuit diagram of Figure 1 . The peak output currents i 1 , i 2 and i 3 are limited to 1 kA each by the ratings of diodes (D 1 …D 3 ) and IGBTs (S 1 …S 3 ). The entire energy supplied to the load during one test is stored in three parallel connected capacitors (C 1 …C 3 ) with a capacitance of 2 mF each and a maximum charging voltage of 3 kV. This enables tests with peak powers of up to 9 MW with total durations up to a few hundred milliseconds. The capacitors are not recharged while supplying a load, which permits the complete electrical isolation of FPDCS from any equipment other than the load during tests. The output inductances (L 1 …L 3 ) can be individually varied in 26 steps between 6 μH 978-1-5090-0496-6/16/$31.00 ©2016 IEEE and 4.5 mH. The control of S1…S 3 is split into a digital part, which determines when current starts flowing from the capacitor according to a set switching frequency. The signal for switching off the IGBTs is given by a high-speed analog part which compares the module currents i 1 …i 3 to their set values i 1 set …i 3 set continuously. From the circuit diagram in Figure 1 , it is clear that the capacitor voltage (and therefore stored energy) decreases whenever the IGBT is conducting. The voltage across each module's inductance changes back and forth between the difference of capacitor voltage and load voltage whenever the IGBT is on and the negative load voltage whenever the IGBT is switched off. Therefore, jumps of up to 5000 V within microseconds across L 1 …L 3 can occur. The control hardware allows for a configurable phase shift between switching on modules, which permits the creation of complex output currents using moderate switching frequencies, as illustrated by the simulated 1 currents in Figure 2 . In addition, the set current of each module can be defined individually for any point in time prior to starting a test. This combination enables the operator to create intricate current waveforms such as the ones presented in [10] . Additionally, it opens up possibilities to rapidly adapt the output currents to different loads. Past and current applications include emulating HVDC grids for testing of a model CB (cf. [6] ), providing different current harmonics for bus-transfer by disconnector, and destructive limit testing of power semiconductors.
III. REAL WORLD CHALLENGES & SOLUTIONS
Over the five years of using FPDCS, many different challenges had to be overcome which are not necessarily present in the idealized representation shown in Figures 1 and  2 . Additionally, the area of operation was gradually extended through improvements on hardware and software as well as changes in usage practices.
A. Limitted energy storage in capacitor before test
When constructing FPDCS, the choice of three 2 mF capacitors represented one of the main tradeoffs between performance, cost, safety and availability. In everyday operations, the capacitors limit three aspects of testing: First, the maximum energy which can be supplied to the load is 27 kJ, setting limits mainly on duration and current magnitude. Secondly, the current gradient during increasing current is directly proportional to the voltage difference between the capacitors and the load, therefore decreasing with dissipated energy 2 . Thirdly, if the load voltage rises above the capacitor voltage at any time during a test, the load current starts to decrease and eventually reaches zero. While only upgrading the capacitors can combat the first issue, the latter two are usually addressed by changing the module inductances, adjusting charging voltages and shortening test durations as shown in Figure 3 , which illustrates points 2 and 3. To provide the load current i a (t), the IGBTs stayed on during the entire test duration of 20 ms but after 5 ms the load voltage reached a higher level than the capacitor voltage leading to a slow decay towards zero. By increasing the capacitor voltage, the desired current i b (t) could be achieved, albeit at a significantly higher initial gradient.
B. Maximum temperature of power semiconductors
Due to the short durations of each individual test, the switching and conduction losses generated by the power diodes and IGBTs heat almost exclusively their silicon dies. The maximum acceptable temperature rise of 100 K, therefore, imposes a complex boundary on the number of switching operations as well as the set current levels and their durations. In order to maximize FPDCS' potential, its excellent predictability was made use of when implementing a worstcase thermal loss simulator which automatically predicts turn on, turn off and conduction losses in all semiconductors prior to any test. Before charging of the capacitor starts, the user is warned if the thermal losses would potentially damage a diode or an IGBT. Not only does this simulator protect the semiconductors from potentially damaging heating, it also allows the user to quickly evaluate the feasibility of certain test currents in advance.
C. Power semiconductor particularities
FPDCS' circuit shown in Figure 1 was chosen over more advanced DC-DC designs mainly due to its cost-effectiveness, the availability of components and the fact that it can be controlled by a fast and reliable control loop. As such, the chosen design relies on switching the IGBTs S 1 …S 3 off while current is flowing and on when voltage is applied (i.e. hard switching). Figure 4a) shows a typical switch-on operation of an IGBT whenever current was previously flowing through the freewheeling diode of the same module. The initial current rise is significant in its magnitude but well within the specifications of the IGBT modules in use in FPDCS because the inductance of the commutation path (labels B and D in Figure 1 ) was Fig. 3 . Two tests using set current of 600 A for 20 ms. The initial capacitor voltage was raised from 300 V (i a (t)) to 700 V (i b (t)), all other parameters including the load were left unchanged. minimized during construction. Other than the heating of the IGBT substrate-which is accounted for in the thermal simulator-this switching mode has no negative effect on FPDCS. Current waveforms b) and c) of Figure 4 show the two different recovery modes of the diodes D 1 …D 3 . In both cases, a module with very low inductance is switched on for a short time (10.5μs in b), 7.5μs in c)) while a current of slow gradient is already provided by another module. When the current of the low inductance module reaches zero, the semiconductor diode needs a recovery charge of 560…930μC in order to stop conducting. In case b) a soft recovery is observed, whereas in case c), snappy recovery leads to a rapid oscillation of the module current around zero, increasing its thermal losses 3 . While the high current gradients typical for snappy diode recovery does not pose a problem for FPDCS, it constitutes a potential failure mode: The total duration of reverse conduction of the diode in question is increased, which in turn increases the chance of an IGBT switching on in this state. Such an event has led to the only appreciable downtime FPDCS over its period of use.
D. Inductances of wires and geometries
The considerable current gradients of up to 50kA/ms lead to extensive voltage drops along any inductance in series with the load 4 . Initially, FPDCS was located in a separate room, some distance away from the devices under test and connected through bus bars of 12μH. Since FPDCS was grounded at the capacitors (point A in Figure 1 ), a worst case drop of 600 V along these bus bars meant that the low voltage side of the load reached 300 V, making differential voltage measurements and potential free current measurements inevitable. During a major rebuild of FPDCS in 2015, the distances between source modules and loads was shortened by a factor of five, lowering the inductive voltage drops substantially. Additionally, the grounding scheme of the modules was revised in order to remove all ground connections during tests except for one which can be freely placed by the user. This not only enables the use of a shunt resistor for current measurement but also provides the ability to directly measure the absolute load voltage if the low voltage side of the load is chosen as the designated ground point.
E. Parasitic capacitances at high frequencies
The currents shown in Figure 4 illustrate that the transitions between current gradient polarities occur on timescale of 1 μs or shorter. Therefore, any inductive components in series with the load exhibit rapid changes of their inductive voltage drops, which in turn excites any parasitic capacitances to ground. Furthermore, the capacitances between windings of inductors, such as the source inductances L 1 …L 3 can be excited in similar manners. These oscillations are sufficiently damped by many loads such as free-burning or blown arcs. However, loads providing little damping can be subject to significant transient overvoltages immediately following switching actions, especially if the loads also exhibit a large inductive voltage drop. In order to make FPDCS better suited for such applications, a high pass filter was designed using exclusively passive components. The filter is connected in parallel to the load (i.e. between points A and E in Figure 1 ), so that oscillations of frequencies above 700 kHz bypass the load. This function is demonstrated in the two load voltages shown in Figure 5 which were measured using identical loads and current waveforms but show vastly different high frequency components.
F. Controllability of the module currents
When performing tests, FPDCS' control loop is completely decoupled from the measurement system which analyzes load current, voltage and additional parameters. However, both system share the same fundamental challenges: They require a high dynamic input range, large frequency bandwidth and minimal time lag in transmission of the measured signals. Furthermore, the significant inductive voltage drops as well as the potentially different module states at any point in time necessitate electric decoupling of most sensors. The control loop uses a custom optical fiber transmission system to relay three module shunt current measurements and three capacitor voltages to the IGBT controller, which in turn sends switching signals to the gate drivers via optical fiber. Using this control loop, delays between the current reaching a set value and IGBT turn-off is in the range of a few microseconds. Investigations into using a more sophisticated control algorithm, such as PID instead of a set current, resulted in unacceptably long delays in the hundreds of microseconds between current measurement and control action.
3 a detailed study of failure modes stemming from diode reverse recovery is given by Rahimo in [11] . 4 In this case, the entirety of the parts between points E and A in Figure 1 is considered as load, including several meters of cabling necessary to connect the load in question. 
G. Voltage and current measurements
Load voltage and current as well as additional data such as temperatures and pressures, are recorded in close proximity of the load by means of remote controlled digital storage oscilloscopes (DSO). Great care is taken when setting up measuring equipment to not introduce conducting loops in proximity to high field areas. Therefore, voltages are preferably measured using RC-dividers with high input impedance. The load current can be measured using a shunt resistance, which defines the DSO's reference level. Alternatively, a custom manufactured current sensor is available which is able to measure from pure DC to well above 1 MHz without requiring galvanic connection to the conductor 5 . The latter option is particularly often used when multiple parallel current paths need to be measured inside the load.
H. Safety considerations
The basic operating principle of FPDCS relies on a high amount of energy being stored in the capacitors prior to (and often also after) each test in combination with a high operating voltage. Together with the typical dangers of pulsed current testing such as significant overpressures, high temperatures and moving parts, an automated system to protect humans as well as equipment is necessary. For this reason, a decentralized safety system which interfaces with FPDCS' components, its discharging and grounding equipment as well as with any part for human interaction (such as doors, indicator lights, emergency shutdown buttons, etc.) has been implemented. The system has been working as designed since its inception 6 .
IV. RECOMMENDATIONS FOR USERS
The aforementioned eight main challenges faced when using FPDCS exemplify the complexity of such a current source as well as the multiple influencing factors concurrently imposing limits on its operation area. They also illustrate, that on similar undertakings the following aspects have to be considered as early as the planning phase:
1. Types of measurements, locations and transmission of digitized results are central to the load side of any current source. If the possibility to combine control and measurement hardware exists, it can reduce component cost.
2. Self-inductances and parasitic capacitances of current carrying parts as given by geometry and additional factors should be minimized if possible. Resonant frequencies have to be designed to be outside of typical operating areas of the DC source and its loads.
3. Energy storage, converter topology and power semiconductor choice impose the primary limitations on the applications of such a DC source. They should, therefore, be designed with the different types of loads and future expansions in mind.
4. The control loop including measurement and transmission hardware as well as software solutions present another limitation as well as playing a central role in day-to-day operations. Great care has to be taken to account for the high dynamics of typical high current loads.
In spite of its ultimate application in a high voltage or high current laboratory, combining these four aspects into a successful DC source can only be achieved by an interdisciplinary team of specialists. The complexity of optimizing each particular aspect requires expertise spanning multiple fields such as power electronics, control, high current testing and measurement technology.
V. CONCLUSION
Despite the seemingly simple circuit diagram of Figure 1 , FPDCS represents a complex and powerful tool for DC research which has been continuously improved upon over the past five years to a point at which different loads are being tested with confidence in the results. The experience gathered during this time has enabled the comprehensive review of the design principles and everyday challenges given in this paper. To further advance HVDC research at ETH's high voltage laboratory, a more powerful DC source is currently being designed in accordance with the four main recommendations given (cf. [14] ).
